The morpho-functional properties of the distal section of the cardiac Purkinje network (PN) and the Purkinjemyocardial junctions (PMJs) are fundamental to understanding the sequence of electrical activation in the heart. The overall structure of the system has already been described, and several computational models have been developed to gain insight into its involvement in cardiac arrhythmias or its interaction with implantable devices, such as pacemakers. However, anatomical descriptions of the PN in the literature have not enabled enough improvements in the accuracy of anatomical-based electrophysiological simulations of the PN in 3D hearts models. In this work, we study the global distribution and morphological properties of the PN, with special emphasis on the cellular and architectural characterization of its intramural branching structure, meshlike sub-endocardial network, and the PMJs in adult pig hearts by both histopathological and morphometric evaluation. We have defined three main patterns of PMJ: contact through cell bodies, contact through cell prolongations either thick or piliform, and contact through transitional cells. Moreover, from hundreds of micrographs, we quantified the density of PMJs and provided data for the basal/medial/apical regions, anterior/ posterior/septal/lateral regions and myocardial/sub-endocardial distribution. Morphometric variables, such as Purkinje cell density and thickness of the bundles, were also analyzed. After combining the results of these parameters, a different septoanterior distribution in the Purkinje cell density was observed towards the cardiac apex, which is associated with a progressive thinning of the conduction bundles and the posterolateral ascension of intramyocardial terminal scattered fibers. The study of the PMJs revealed a decreasing trend towards the base that may anatomically explain the early apical activation. The anterolateral region contains the greatest number of contacts, followed by the anterior and septal regions. This supports the hypothesis that thin distal Purkinje bundles create a junction-rich network that may be responsible for the quick apical depolarization. The PN then ascends laterally and spreads through the anterior and medial walls up to the base. We have established the first morphometric study of the Purkinje system, and provided quantitative and objective data that facilitate its incorporation into the development of models beyond gross and variable pathological descriptions, and which, after further studies, could be useful in the characterization of pathological processes or therapeutic procedures.
Introduction
Since its first description in the 19th century by Jan Evangelista Purkinje and the discovery of its role in electrical conduction in the early 20th century (Tawara, 2000; Eliska, 2006; Silverman, 2006; Pallante et al. 2010) , the anatomy of studies to the body of knowledge. It is important to quantitatively and objectively delineate trends in the PN beyond gross and diverse pathological descriptions, and deeply analyze not only the heterogeneous network itself but also the distal Purkinje-myocardial connections. PMJs are an essential functional part of the PN, connecting it to the working myocardium. There have been described two types of configurations: a funnel connection, with a direct coupling to myocytes; and a sheet interface or resistive barrier, composed of transitional cells (T-cells) that serve as an intermediate layer between the PC and the myocytes (TranumJensen et al. 1991) .
In this study, we present a large analysis of the distal section of the PN in young-adult pig hearts. By means of hundreds of micrographs, we described and manually quantified the branching structure of the PN intramurally, paying special attention to the connections between the Purkinje structures and the 'working' myocardial tissue. We present our observations in the different heart regions, showing differences in PMJs and branch configuration and density.
Materials and methods

Tissue collection and processing of the samples
Two young adult pigs weighing 25-30 kg were used. They were sedated with intramuscular ketamine (8 mg kg
À1
) and medetomidine (0.1 mg kg À1 ), and anesthetized with a 10 mg kg À1 h
continuous intravenous perfusion of 2% propofol. The hearts were arrested by administration of potassium chloride. The experimental procedures were in accordance with the local Animal Care and Use Committee, and they conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, 1993) . The hearts were collected and immediately underwent preparation. For histopathological analysis, left ventricles (LVs) were dissected and sectioned in the axial plane in three equally spaced slices of equal width, the hearts were divided into three parts: the basal, middle third and apical regions. Each slice was radially sectioned, resulting in five samples from the base (coded 11-15), five from the middle third of the LV (coded [16] [17] [18] [19] [20] , and four from the apex (coded 21-24). All the samples were tagged for identification, fixed in 4% formaldehyde solution, and embedded in paraffin. Histological sections of 5 lm thickness were acquired with a microtome and underwent staining with hematoxylin-eosin and Masson's trichrome. Several semi-thin toluidine blue stains were made to properly define morphological cellular details. Additionally, immunohistochemical staining was performed with monoclonal antibodies against the swine variety of the gap junction protein Connexin 40 (Cx40), which specifically labels Purkinje fibers, to characterize its expression and functionally correlate it with cell junctions, and compare its immunostaining of PCs with the previous conventional procedures. The primary anti-Connexin 40/GJA5 antibody (ab38580) Abcam, dilution 1/20 was applied and incubated overnight at 4°C. Amplification of the primary antibody signal was carried out by 45-min incubation with polyclonal goat anti-rabbit immunoglobulins/HPR (Horsesadish-peroxidase) secondary antibody (Dako Denmark, Glostrup, Denmark).
Histopathological evaluation and image analysis
The samples were assessed using an optic microscope Leica DMD108 (Leica Microsystems, Wetzlar, Germany). To map the microscopic distribution of the Purkinje fibers, high-quality low-magnification photographs were taken of each sample and the locations of PCs were tagged on it. Every sample was histopathologically analyzed in its entirety, comparing the staining procedures, both conventional and immunohistochemical, and different magnification micrographs (40 9, 100 9, 200 9, 400 9, 630 9) for all Purkinje fibers. The computerized morphometric study was carried out by the software Image-Pro Plus 7.0 (Media Cybernetics, Silver Spring, MD, USA). Four-hundred micrographs were exhaustively studied under several morphometric parameters: PC density in 100 9 magnification -expressed as the percentage of the tissue area covered by PCs in the image. Here, we assume a homogeneous density distribution of PCs within each axial section. In our study, we did not randomly choose representative tissue areas in each section; rather, the entire distribution of Purkinje bundles was captured to minimize the inaccuracy of mean morphometric measures, a consequence of their natural heterogeneity, for our model. Each micrograph was calibrated, and the total tissue area in lm 2 was collected after manual chromatic histogram-based selection. The PC areas were manually measured. Then, the density of Purkinje fibers was calculated as the percentage of the total tissue area occupied by the Purkinje fibers in each micrograph. This process is depicted in Fig. 1 . We also measured the maximum thickness of the Purkinje fiber bundles. The thickness measurements were taken manually at 100 9 magnification, as seen in Fig. 2 , by dividing the total count of PMJs in each group by the sum of the areas in each group in mm 2 . Moreover, the number of PMJs per transverse section of PC was estimated. To avoid bias in the morphometric evaluation, the image analysis was blinded. After analyzing the micrographs, the measurements were stratified in groups according to their location with respect to the long axis (base, middle third and apex) and the heart region (septal, lateral, anterior and posterior), as well as transmurally (endocardium and myocardium). The differentiation between the sub-endocardial and the intramural distribution of PCs was based on the histological characteristics of the heart, and each capture addressed a determined number of Purkinje fibers located in either one or another pattern.
Statistical analysis
The descriptive statistics, graph representations and hypotheses contrast were performed with the software SPSS 20 (SPSS, Chicago, IL, USA) and Microsoft Excel 2013. Continuous variables were expressed as the mean and 95% confidence interval. Categorical variables were expressed as a percentage. The level considered to indicate statistical significance was P < 0.05. The descriptive statistics for each morphometric parameter were calculated and the Kolmogorov-Smirnov normality test was performed for each sample. In the comparison of qualitative dichotomic variables such as the presence of PMJs or the division between thick and thin bundles, a chi-square test was used. In the case of quantitative variables following normal distribution for region groups, the ANOVA test was used, and when their distribution did not, the non-parametric Kruskal-Wallis test was chosen; t-tests were used in the myocardium-endocardium comparisons.
Results
Histopathological evaluation
The Purkinje fibers' morphological characteristics, regional distribution and contact mechanisms with the myocardial cells were assessed based on their differential staining properties and the specific immunostaining with Cx40. PCs are considerably larger than myocardial cells and their transverse section size ranges up to 90 lm, while cardiomyocytes usually do not exceed 20 lm. They have a characteristically pale appearance both on hematoxylin-eosin and Masson's trichrome stains as a consequence of the high amount of glycogen in their cytoplasm and fewer myofibrils, which appear to be located in the cell periphery in a disorganized manner. These features were assessed using the semi-thin section technique with toluidine blue staining (Fig. 3) . PCs can be either mononucleated or binucleated; their nuclei are larger than cardiomyocyte nuclei and the chromatin is less condensed. The immunostaining was homogenous and slightly presented membrane reinforcement, although the antibody against Cx40 precipitated irregularly in several regions. These zones were considered artifacts and were excluded from the analysis. Anti-Cx40 immunostaining aids in the recognition of the cardiac conduction cells and helps in uncovering the function of the histological PMJs. However, due to the characteristic morphology of the PCs, we believe it is not necessary for the sole purpose of identification.
In the basal third of the LV, Purkinje fibers are found in thick intramyocardial bundles covered by dense irregular connective tissue, which derives from the central fibrous body and the membranous portion of the interventricular septum. These bundles coexist in the base with sub-endocardial, perivascular and terminating Purkinje fibers ascending from lower portions of the myocardium. As the bundles progress distally, the surrounding connective tissue becomes looser and several junctions with cardiomyocytes or transitional cells are established (Figs 3 and 5) . Hence, the fibers' size and the thickness of their sheaths progressively decline along the way until it is predominantly naked in the apex. In addition to using the fibrous structures of the interventricular septum for conduction, the bundles are distributed homogeneously in a sub-endocardial allocation; occasionally, it is arranged in a perivascular pattern, as described in avian hearts (Gourdie et al. 1993; Harris et al. 2002) ; and intramyocardially, a pig-specific feature that is not observed in humans. Sub-endocardial fibers usually associate with transitional cells, which put them in contact with the first layer of cardiomyocytes and can accompany them through several levels of intramyocardial penetration (Fig. 4) .
We observed various types of junctions between the PCs and cardiac cells, shown in Fig. 5 : contact through cell bodies (CCB), contact through cell prolongations (CCP) and contact through transitional cells (CTC). In intramyocardial portions, the cell body of PCs, whose membrane is highly positive for Cx40, can establish strong junctions with cardiomyocytes that alter their typical morphology. In some transversal sections, the whole membrane of the PCs is bound to the surrounding cardiac cells. On the other hand, they can emit long prolongations that put them in touch both with transitional cells or cardiomyocytes. These CCP may coexist in the same histological section with CCB. In sub-endocardial distributions, we have found thin piliform prolongations with direct contact, again with transitional cells or myocardial cells. CTC are usually observed in the sub-endocardium. The PC, either through a piliform or a thick elongation, makes contact with the transitional cell, and it is this cell that, in turn, makes contact with one or more cardiomyocytes.
Despite the syncytial nature of both striated cardiac muscle and Purkinje fibers, the number of PMJs was estimated at different magnifications. Globally, each PC can establish contact with one-five cardiomyocytes in its surroundings in 5-lm-thick transverse sections, with a mean of 2.34 (2.11, 2.56) contacts per PC. This number of contacts in histological sections illustrates the binding capacity of PCs with cardiomyocytes but does not intend to represent the total PMJs per PC, which would require three-dimensional evaluation.
Morphometric and structural analysis
PC density
Four-hundred 100 9 magnification micrographs showing PCs distributed all over the LV were analyzed for the assessment of this variable.
The PC density was defined as the percentage of the tissue area occupied by PCs, including large and thin bundles, terminal fibers and PMJs. The mean of the PC density was lower in the base and higher both in the middle third and apex (P < 0.0001). In the transverse heart regions, the mean was globally increased in the posterior and septal regions. These data are summarized in Table 1 . However, when we jointly analyzed the PC density along both axes of the heart, the higher densities followed anterior and septal distributions in a significant manner (P < 0.05). In addition, there is an increase in PC density in the posterior region of the middle third of the LV. The results of both stratifications are graphically expressed in Fig. 6 . With respect to the histological distribution, the density was higher in the subendocardium than in the myocardium (P < 0.0001; Fig. 9 ; Table 2 ).
Thickness of the PC bundles
This morphometric parameter was obtained by calculating the mean of the maximum thickness measurements in transverse and central longitudinal sections of conduction bundles (Fig. 2 ). Micrographs at 40 9, 100 9 and 200 9 magnification were used to obtain more precise measures.
The maximum average thickness of the Purkinje bundles paradoxically increased towards the apex, although statistical significance was not achieved, as shown in Table 1 . Globally, bundles were thicker in the anterior region, followed by the septal, posterior and finally the lateral regions. These results were not statistically significant. To assess the thick conduction trunks and separate them from terminal thin bundles, a threshold of 90 lm, corresponding to the largest transverse diameter found in PCs, was applied, and the measurements below that value were discarded from the analysis. After applying this correction, a logical declining trend in the thickness of Purkinje bundles was observed, but the regional distribution remains constant, and the differences are not statistically significant (Table 1) . The results are graphically expressed in a bull's eye plot in Fig. 7 .
Whether or not the bundles measuring below 90 lm were considered, the Purkinje bundles were meaningfully thicker in their intramyocardial portions, as shown in Table 2 and Fig. 9 .
As a result of this analysis, thick Purkinje bundles or conduction trunks were distinguished from thin Purkinje bundles or terminal one. The percentage of thick bundles was substantially larger than the percentage of thin ones, and the differences significantly increased when descending towards the apical portions, as shown in Table 1 and Fig. 8 (P < 0.005). With respect to the regional distribution in the transverse axis, there were greater differences observed between the percentage of thick and thin Purkinje bundles in the anterior region, followed by the septal, posterior and lateral regions. The differences were statistically significant (P < 0.05). The results are expressed in Table 1 and Fig. 8 . The amount of sub-endocardial thick bundles found was lower than those located intramyocardially, as shown in Fig. 9 (P > 0.05).
PMJs
To assess the proper electrical correlate, the PMJs were approximated combining the histological features shown by hematoxylin-eosin staining as well as the pattern of Cx40 expression by immunohistochemistry. The assessment of PMJs was performed according to our previous findings, and the PC-CM contacts were considered as previously described: CCB, CCP and CTCs. However, the approach was The results were strongly significant (P < 0.0001). Regarding the regional distribution, the lateral region followed by the anterior region had the highest proportion of PMJs globally (P < 0.05). As detailed in Table 1 , PMJs were present in , respectively. The data are graphically represented in a bull's eye plot combining both longitudinal and transversal stratifications (Fig. 10) . The densities and percentages of PMJs were higher in the intramyocardial distribution (P < 0.0001), as represented in Table 2 and Fig. 9 .
Discussion
We used 14 histology samples and more than 400 micrographs from two swine hearts to characterize and quantify the distal sections of the CCS. Identification of the PN was based on their larger size without clearly defined intercalated disks (IDs; Tranum-Jensen et al. 1991) and their differential tinctorial appearance as previously described, due to their high intracellular glycogen content and low numbers of mitochondria and myofibrils (Sommer & Johnson 1968; Martinez-Palomo, 1970; Tranum-Jensen et al. 1991; Eliska, 2006) . However, PC characterization is not exempt from complexity. A uniform description is not available in the literature, and several authors state that three types of PCs can be found: type I, proximal smaller conduction cells; type II, bigger conduction cells located in the ventricular myocardium and sub-endocardium; and type III, transitional or Jcells (Challice & Viragh, 1974; Viragh et al. 1986 ), which are generally considered a different cell type themselves (Toshimori et al. 1988; Stankovi cov a et al. 2003; Eliska, 2006; Ryu et al. 2009; Pallante et al. 2010) . The data from our study support the theory that two distinct types of cells can be found in the distal portions of the CCS: PCs, identified as type II cells defined by Challice & Viragh, (1974) and Viragh et al. (1986) ; and transitional cells.
Purkinje cells spread the impulse through gap junctions formed by connexins, such as Cx40, Cx43 and Cx45 (Pallante Values correspond to means with 95% CI. Statistical significance is further detailed in the text.
PC, Purkinje cell; PMJ, Purkinje-myocardial junction. Ladenvall et al. 2015) , whose alteration results in conduction disorders (Severs, 2004; Makita et al. 2012; Ladenvall et al. 2015) . The nature of the transition between PCs and CMs is not yet well known (Johnson & Sommer 1967; Syed et al. 2014) . Middle conductance Cx43, identified primarily in atrial myocytes but not in the sinoatrial node (Oosthoek et al. 1993a,b) , has been shown to be the most abundant isoform (Atkinson et al. 2011) and is expressed in ventricular CMs and distal PCs, usually coexpressed with Cx45. On the other hand, PCs chiefly express high-conductance Cx40, and its mRNA expression is significantly higher in the PN than in CM (Severs, 2004; Atkinson et al. 2011) , which confers on them a faster conductivity. Moreover, it would be interesting to compare the expression of Cx40 between ungulate and human HPS, as the velocity of conduction is increased in the former. We performed immunohistochemical staining against Cx40 to confirm its functionality as a PC marker, comparing and validating PC characterization by histopathological analysis after conventional staining and providing functional significance to the histological study of PMJs. Our results concur with previous literature (Severs, 2004; Atkinson et al. 2011 ): we observed increased membranehomogeneous expression of Cx40 in PCs and transitional cells compared with CM, which was also stained with the antibody. This supports the use of Cx40 as a marker for the PN in swine hearts and that the PMJ, due to gap junctions, may be heteromeric. Furthermore, the homogeneous immunohistochemical labeling helps us confidently conclude that histological PMJs are, indeed, potential electrical couplings. However, the functional implications of our findings must be carefully interpreted, as it has been hypothesized that many PMJs may be quiescent. Evidence in murine and canine models has shown that propagation is successful only in determined subsets of the PMJs, and that dynamic coupling-uncoupling may influence conduction both physiological and pathologically (Joyner et al. 1983; Veenstra et al. 1984; Rawling et al. 1985; Morley et al. 2005) . Moreover, several studies (Vozzi et al. 1999; Severs et al. 2008; Atkinson et al. 2011 ) have also shown that the expression of these connexins is fragmentary and, as we have previously stated, their proportion varies between heart chambers and between species. We also need to note that the pattern and distribution of connexins is influenced by the method used for immunolabeling. Positivity for Cx40 is usually observed as a punctate appearance, which is due to the abundance of gap junctions with Cx40 in large straight IDs of PCs. This feature is easily seen with immunofluorescence microscopy at a cellular level as shown by Kanter et al. (1993) , and this observation highlights the contrast between the homogeneous cell staining and IDs, as well as the lighter positivity in myocardium. Nevertheless, the definition of peroxidase immunolabeling under light microscopy may be limited to membrane reinforcement and a lower augmentation capacity.
Purkinje network architecture comprises three groups in mammalians: group I, found in ungulates and cetaceans; group II in humans, monkeys, dogs and cats; and group III in rodents (Canale et al. 1986 ). Group I is characterized by large oval PCs grouped into strands of two-eight cells, which create a diffuse and inter-related mesh-like network with fast conduction properties. Previous literature documented both CCP and CCB in this group (Ono et al. 2009 ). In group II, as introduced by Canale et al. (1986) , PCs are generally fusiform in size, just present CCP and CTC, and run parallel to the endocardium. In humans, PCs are larger than cardiomyocytes, and their structure is cylindrical but can become polygonal or stellate when bifurcating. Group III is found in rodents, and their PCs highly resemble cardiomyocytes. Consistent with what is described in previous literature, PCs form a mesh-like structure in our study (Canale et al. 1986; Ono et al. 2009 ) and are considerably larger than CMs (Sommer & Johnson 1968; Crick et al. 1999; Ono et al. 2009 ). As in other ungulates, such as sheep and cows (Sommer & Johnson 1968; Ansari et al. 1999; Ono et al. 2009; Ryu et al. 2009; Atkinson et al. 2011; De Almeida et al. 2015; , we demonstrated the presence of a strong collagen sheath, clearly stained by Masson's trichrome (Fig. 3) , surrounding conduction bundles, which is mainly derived from the central fibrous body and the membranous portion of the interventricular septum and is very different and considerably looser in humans. While thick fibrous sheaths were found in the apex in our specimens, human Purkinje fibers appear uncovered at this level of the heart (S anchez-Quintana & Yen Ho, 2003) . The functional significance of this sheath is thought to be as electrical insulation from ventricular muscle (Atkinson et al. 2011; Sedmera & Gourdie, 2014) , which protects PCs from contractile tractions by sliding as well as increase the conduction velocity to prevent its decay across larger distances (Ansari et al. 1999) . Our findings of ascending terminal ramifications and PCs without this reticular cover in areas with more PMJs support this theory and lead us to suggest the need for further research in the anatomy and pathological implications of the insulator sheaths.
The most characteristic and intriguing trait of ungulate HPS, which refutes the previous paradigm that human and swine hearts are nearly identical (Cooper et al. 1991; White & Wallwork, 1993) , is the presence of the intramyocardial bundles. As illustrated in the Results, we have found a highly complex intramural network, composed of both thick conduction fascicles, which are branches that deeply penetrate throughout the entire wall and connect the widely distributed 2D mesh-like sub-endocardial network, and terminal scattered fibers. These patterns concur with that reported in previous studies (Tranum-Jensen et al. 1991; Oosthoek et al. 1993a,b; Ansari et al. 1999; Stankovi cov a et al. 2003; Ono et al. 2009; De Almeida et al. 2015; Sedmera & Gourdie, 2014) . Several hypotheses have attempted to explain the existence of intramural fibers. The excitation time in ungulate hearts is known to be equal to that in human hearts despite their larger size (Durrer et al. 1970) , and the PNs in this group of mammals have fast conduction properties, which might be the underlying basis. In addition, the QRS complex in pigs electrocardiograms appears to be shorter than in humans (Bharati et al. 1991) . The intramyocardial network might contribute to this augmented velocity (Oosthoek et al. 1993a,b) due to the increased size of PCs (Toyoshima et al. 1982) , their large gap junctions (Ono et al. 2009) , and the thicker and prolonged connective sheath (Oosthoek et al. 1993a,b; Ansari et al. 1999) , which have been electrophysiologically demonstrated (Ono et al. 2009 ). Recent studies have demonstrated an almost instantaneous transmural activation of the swine heart (Meijborg et al. 2014 ). This intramural architecture may play an important role in ensuring whole myocardium wavefront-like activation with precise synchronization and in a safe, uniform and stable manner (Ansari et al. 1999; Ono et al. 2009; De Almeida et al. 2015; Sedmera & Gourdie, 2014) . Furthermore, some authors state it could be cooperative, complementary or even competitive with invariable sub-endocardial activation under either physiological or pathological scenarios (James, 2001) . Although the presence of intramural fibers within cetacean hearts (Ono et al. 2009 ) supports the size theory, it is not consistent due to its presence in sheep hearts, which are smaller and lighter than human hearts (Ryu et al. 2009 ). The justification could therefore be phylogenetic.
In our study, we have not only verified the presence of the intramural network but also described the perivascular pattern (Fig. 4) , both arterial and venous, which, to our knowledge, has been previously defined in chicken but not in pigs (Gourdie et al. 1993; Harris et al. 2002; Miquerol et al. 2004) . In avian hearts, the relationship between the Purkinje system and the coronary arteries is well defined. Harris et al. (2002) proposed a model in which, during the differentiation of the arterial bed, a process of myogenic PC differentiation and recruitment was established. It is suggested that the Purkinje fiber patterning and organization is directly induced by the pattern of coronary artery ingrowth during development. Several transcription factors, such as Nkx2.5 or fibroblast growth factor, have been implicated. In contrast, in mammals, the only findings are the presence of transitional atrioventricular nodal cells interwoven with atrial CMs towards the coronary sinus (Crick et al. 1999 ) and clumps of PCs in exceptionally large moderator bands in porcine hearts (Gulyaeva & Roshchevskaya, 2012) . A case of a calf with heart failure was published, reporting perivascular aggregates of Purkinje fibers and a diagnosis of congenital multifocal increases of Purkinje fibers (Sakurai et al. 2014) . We studied the characteristics of perivascular PCs. Two aggregates were found in one specimen, localized in the lateral middle third and anteroseptal portion of the base of the heart. These were the only two findings after actively searching for both epicardial and intramural vessels. Differences were not observed in the comparison with other intramural or sub-endocardial PCs in terms of size, morphology, architecture or pattern of Cx40 expression. They were embedded within loose connective tissue in the sub-endocardial distributions and several PMJs were observed. The significance of our finding is uncertain; however, this discovery may correspond to either a congenital heart anomaly or a compensatory reaction of the cardiovascular system through vascular moderator bands or septomarginal trabeculae, as described by Gulyaeva & Roshchevskaya (2012) . More specimens should be analyzed to determine its significance.
We depicted three main types of PMJs: CCBs, CCPs and CTCs. The PMJ displays high interspecies variability (Eliska, 2006; . CCBs have been widely reported, especially within thick conduction bundles, as lateral gap junctions aiming to spatially homogenize the wavefront within the strand . In the pig, we have observed this arrangement, not only between PCs, but also among surrounding CMs in the intramyocardial distribution. This fact supports the previously proposed need for safe and uniform wavefront synchronization within large masses of muscular cells. On the other hand, we demonstrated that CCPs contrast with the characteristic syncytial configuration of CMs. Such junctions were divided into thick and piliform prolongations. The first CCPs have been described in the literature as 'finger-like' cell endings (Boyden et al. 1989 ). In our study, PCs exhibit thick prolongations both sub-endocardially and intramurally, whereas the piliform prolongations are mainly correlated with CTCs of the sub-endocardial network. This is the first time thin piliform prolongations, previously defined with transmission electron microscopy (Tranum-Jensen et al. 1991) , have been described by light microscopy. In concordance with previous findings, we discovered piliform prolongations not only as PC-transitional cell couplings and vice versa, but also as direct PC-CM couplings. These have been hypothesized to be high-resistance coupling sites that might provide an explanation for the variability of the electrotonic coupling as well as the irregular deflections in subendocardial transitional action potentials (Tranum-Jensen et al. 1991) . Finally, CTCs are probably the most studied type of PMJ. Transitional cells have particular electrophysiological and histological properties, which lower the conduction velocity of the impulses and create a high-resistance electrical barrier. In human hearts, transitional cells are the main pattern of PMJ as the conduction is fundamentally sub-endocardial (Ryu et al. 2009 ).
We have developed the first extensive morphometric approach to further categorize the peculiar and complex anatomy of the PN and provided useful statistical information that should be incorporated into Purkinje modeling. Therefore, PMJ densities could be incorporated into computational stochastic Purkinje models (Sebastian et al. , 2013 to improve the realism of electrophysiology simulations. Those models are currently used to study the interaction of medical devices (Romero et al. 2010) or drugs (DuxSantoy et al. 2011 ) with the Purkinje system.
The PC density followed an increasing trend to the apex (P < 0.0001), with a mainly septal and anterior distribution, which was statistically significant (P < 0.05). In the middle third of the heart, there is a noteworthy increase in the posterior region as well (Fig. 6) . As the electric impulse widely propagates through the sub-endocardium, this density is significantly higher here than within intramyocardial portions (P < 0.0001; Fig. 9 ). Although there is a lack of data regarding PMJ density measurements in the literature, our findings are in the same order of magnitude of those reported (0.31 PMJ mm À2 ) in simulation studies (Behradfar et al. 2014) .
When analyzing the longitudinal progression of the mean thickness of Purkinje bundles, a paradoxical increase towards the apical portions was found, again, in the septal and anterior regions. This finding opposes the progressive thinning of the distal ramifications. However, when the bundles below 90 lm were omitted from analysis, the trend is normalized and the thicker bundles are shown to be in the base (Fig. 7) . The differences in the regional distribution of these are minimal.
Our data suggest that a large amount of ascending terminal fibers, which conduct and spread the impulse, coexist with descending trunks. This is consistent with the data provided after separately analyzing how thin and thick bundles are distributed. When ascending towards the base, the difference in their frequencies declines and a statistically significant increase in the proportion of terminal bundles is observed in the base, the proportion being higher in the middle than in the apex as well (P < 0.005; Fig. 6 ). This is an important difference from human hearts that has already been described (S anchez-Quintana & Yen Ho, 2003) . In humans, sub-endocardial PCs are entirely isolated in the apex, while in swine hearts the bundles at this level are usually still covered with the connective tissue sheath and ascend intramurally, branching out and turning into uncovered terminal fibers, thereby allowing for faster activation of the ventricle.
Thinner Purkinje bundles are mainly found in the lateral regions adjacent to the posterior portion of the cardiac apex, which morphometrically suggests how a large amount of distal terminal bundles ascend in a posterolateral manner to further lateralize in the middle third and base of the LV (P < 0.05; Figs 7 and 8) . The higher density, previously found in the posterior region of the middle third, associates with augmented bundle thickness; probably attributed to determined collateral trunks, which may derive from the posteroapical network (Figs 7 and 8 ). Whether considering thin bundles or not, the mean thickness is significantly higher in intramyocardial histology (Fig. 9) . However, the global proportions of thin and thick bundles both in sub-endocardium and myocardium only differ by 3.5%. Hence, conduction trunks mainly travel intramyocardially and in the anterior portion of the interventricular septum (Fig. 8) ; however, our results suggest that the sub-endocardial pattern is almost as important in driving the impulse in pigs, despite their intramural architecture.
The study of the PMJs revealed a highly significant, decreasing trend towards the base that may anatomically explain the early apical activation (P < 0.0001). The density of PMJs in the apex was 26% higher than in the base, as detailed in Fig. 10 . The contacts follow the previous regional pattern. These findings contrast with the activation map described by Meijborg et al. (2014) in Lagendorff-perfused pig hearts, where the activation did not start in the apex, but in septal basal and central regions. The anterolateral region contains a higher number of contacts, followed by the anterior and septal regions. This endorses the hypothesis that the thin distal Purkinje bundles create a junctionrich network, which may be responsible for the quick apical depolarization. It then ascends laterally and spreads through the anterior and medial walls up to the base. It is important to highlight that our findings in pig hearts, especially those related to PMJ heterogeneity, might be species dependent and may not be reproducible in other species in which an intramural PN has not been described.
Conclusions
The HPS is characterized by its complexity and heterogeneity, not only between species but also between individuals, which has prevented its proper understanding over 100 years after its discovery. Because of its involvement in pathological processes, such as tachyarrhythmias (Haissaguerre et al. 2016 ) and the latest invasive therapies addressing the conduction system, it is necessary to delve into the anatomo-functional relationships that may underlie these diseases and procedures. Owing to the intricacy of the system, it is necessary to develop models allowing the analysis of both electrophysiological and anatomical data, which would not only help in the understanding of its physiology but could even be applied to the study and treatment of ventricular electrical disorders. Until now, stochastic anatomical descriptions and cellular-subcellular characterizations in the literature have not allowed for improvements in the accuracy of anatomical-based electrophysiological simulations of the PN in segmented 3D hearts. We have established the first morphometric study of the Purkinje system, and provided quantitative and objective data that facilitate its incorporation in the development of new models beyond gross and variable pathological descriptions. Our global and detailed findings on PC distribution, regional characteristics, and histological and immunohistochemical study of PMJs strongly support an anatomical explanation for the spread of electrical impulses through the PN and, along with data from further studies, could be useful in the characterization of pathological processes or therapeutic procedures.
Study limitations
We acknowledge that several important limitations deserve mention. First, this is a preliminary study that only analyzes two specimens. We have been able to perform statistical hypotheses testing due to the large number of histological micrographs, but the data must be carefully interpreted with this sample size and the results should not be extrapolated yet. Furthermore, a few slices of the heart were studied in each third of the heart and were considered representative of that region, but the data could vary within each region and, therefore, more sections should be analyzed in further studies. Cates et al. (2001) demonstrated the significant arrangement of PCs in anastomosing trabeculae and false tendons in the right ventricle of rabbit hearts; hence, efforts should also be dedicated to studying this distribution in the LV and in other regions as well.
The number of PMJs could be underestimated due to tissue retraction during fixation and, therefore, the evaluation could be inaccurate in some cases. The gold standard for PMJ determination at a cellular level would be transmission electron microscopy, but its use for this type of study is not feasible. Due to the possibility that PMJs may vary and be heteromeric, the expression of additional connexins or novel markers such as contactin-2 should be studied as well. In our study, the definition of the densities of PMJs has been based on a dichotomic approach; as their presence or absence in each micrograph. Further quantitative approaches could be performed. On the other hand, from a comparative point of view, it would be interesting to morphometrically compare the PN between swine and human hearts.
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